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Antigen j^ef s both immunogenic and tolerogenic signals to lymphocytes. The outcome of antigen exposure 

?l?T^ a C ^^l!l ,tog! ^ 00 * th * timl1 * of Agnate from many other imn^ogeSftd 

^gerie castimulatory jathways. A road map of these signalling pathways to only beginning to bTchartS 
revealing the mechanslm of action and limitations of current frarnunothsrapeutte agents and the points of attack for 
new agents. Cyclosporin and tacrolimus Interfere with tolerogenic signals from antigen In addition to Mocking 
hnmunogMic algnafa, thus preventing [active estaWishment of tolerance. Corticosteroids Inhibit a bay lrnrouiK«amte 
pathway, NFicfi, and more specific inhibitor, of this pathway may allow tolerance to be actively estebhshedwhile 
ol^^f^^^ are b, !? k8d - "* w «P^™»« therapies aim to mmUc tolerogenic antigen signals by chronically 
stlmulatlng^Igen receptors wtth antfgen or antibodies to the receptor, or aim to block costhniriatory pathways 
hmrfvmg CMO igand, B7, or Intedeukui 2. Obtaining the desire* response with these strategies is anpreSte 
^causemany of these signals have both tolerogenic and Immunogenic roles. The cause of autotmune diseases has 
been determined for several rare monogenic disorders, revealing Inherited deficiencies m tolerogenic costtmuJatory 
pathways such as FAS. Common autoimmune disorders may have a biochemically related pathogenesis 



Self-tolerance Is an essential feature of the immune 
system, and works to protect tissue antigens from 
becoming targets of damaging immune responses during 
clearance .. of infection* The immune system normally 
exhibits exquisite specificity in m'sangm'shing infectious 
antigens from self antigens. Vigorous antibody or T-cell 
responses -are mounted against infectious antigens, 
whereas self antigens generally elicit only transient ot 
weak responses even when incorporated into an 
infectious parade. 

Adaptive immune responses start with the binding of 
antigen to antigen receptors on rare lymphocytes. The 
number and activity of these cells is then greatly 
expanded by clonal proliferation and difierentiation. The 
response of individual lymphocytes is governed, however, 
by opposing immunogenic and tolerogenic signals, and 
the latter normally prevail for lymphocytes that bind self 
antigens. Disturbance is the natural balance between 
immunogenic and tolerogenic signals due to genetic 
factors can give rise to autoimmune disease. Progress in 
delineating these opposing signals provides oppominities 
to correct the primary disorder in autoimmune patients. 

Counterbalancing Immunogenic and 
tolerogenic signals 

Two basic types of extracellular stimuli control 
lymph ocyte growth and development (figure 1). The first 
is antigen signalling, through dorte~speci5c antigen 
receptors. The second is costimuli, which encompasses a 
number, of signals, through receptors that are not antigen 
specific* Importantly^ particular antigen or costimuli 
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signals arc rarely obligately immunogenic or tolerogenic. 
Their riming and the way they axe integrated at key 
checkpoints in lymphocyte development determines how 
a lymphocyte responds* Strongly immunogenic costimuli 
can shift the balance to irnmxmity in the face of strongly 
tolerogenic antigen signals, and strongly tolerogenic 
costimuli can over-ride strongly immunogenic antigen 
signals. Deciphering the molecular logic behind this 
signal integration is the central challenge facing clinical 
manipulation of tolerance and unmunity> 

Immunogenic end tolerogenic antigen signals 
Antigens transmit signals to lymphocytes by binding to 
B-ceH receptors (surface immunoglobulin on B cells) 3 
and m T-cell receptors CTGRs) on T cells. B-cell 
receptors and TCRs signal through a c as cade of protein 
tyrosine kinases and pieoan-hpid phosphorylation. 
Antigen transuuts immunogenic or tolerogenic signals to 
lymphocytes through these receptors r Continuous 




Figure JL' Schematic rifogram flkifttratZng the balance of 
Immunogenic and tolerogenic signals affecting lymphocyte 
response* to antigen 

LJWtnopatysaccfcarKte. 
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mar is essential for immnnogcnic signalling' to NFkB" by 
fecell -rreceptors.? ' Tolerogenic sigmuTmg ' to antigen 
x si fm i m -iccact" or enhanced in KTK-de&ctivt B cells. 



figure 2: Btocterricatry olstfcet aJgrate tmdetpln Immunogenic • 
and tolerogenic response* to ant Igra fai 8 Jyrnphocybw 

Immunogenic signalling occurs when antigen is encountered' suddenly by 
mature B celts, and Is avgrnantad by co-cKntering of complement C3<J- 
reoeptor, CR2. are! concurrent stimulation by CWCL-frocn helper T oeita 
or bacterial products such as BpopolysaccbwWe {LPS). One of the chief 
pathways activated by those signals te NFkB, a DMA binding prate En family 
that moves to -me nuclaus ones activated. In the nucleus, NFkB i3 pivotal 
to stimulating expresston of many toy B lymphocyte growth gen*s t 
promoting ceil proirfaratfafi and antibody. The Bead receptor ebo 
activates enotfw DNA binding protein, MFATb, which moves to tne 
nucleus after cakiunWndueed dephnspftorylBtlon and can work 
synergjatlcaify with NffcB. On Its own, NFATc can activate Inhibitory genes 
such as the inhibitory receptor CD72. Tolerogenic signalling occurs when 
antigen ia encountered cfcronfcally, which results \ n Inhibitory changes 
that dlminiBh eateuirn signalling so that NFkB Is no longer activated. Co- 
cfustering of the receptor for IgG, fcyR2b, also inhibits Immunogenic 
signalling to NFkB. Absence of ccstimuK such as CD40X or LPS Is also 
critical to allow tolerogenic signalling to proceed in the absence of NFkB. 

binding of antigen over several days, as is often the case 
for self antigens* usually transmits tolerogenic signals. By 
contrast, a sudden increase in receptor crosfiTinVing, as 
occurs in most infections, tends to transmit immunogenic 
signals.- Binding of antigen during immature lymphocyte 
formation in bone marrow or thymus, as occurs for many 
self antigens but few infectious antigens, tends to be 
tolerogenic. 4 Immunogenic signals are favoured when 
antigen is first encountered after lymphocytes have 
matured and reached the secondary lymphoid tissues, 
where infectious antigens toad to be trapped. 

Immunogenic and tolerogenic antigens elicit different 
bic<fiernical signals within rymphocytes 3 (figure 2). These 
biochemical differences provide opportunities to develop 
imnxunosuppressants that mirror these different signal 
patterns. In mature B lymphocytes, tolerogenic signalling 
by antigen elicits a smaller calcium response than 
uumunogenic antigen. Hie calcium concentration 
achieved with tolerogenic signals is enough to activate the 
nuclear factor of activated. T cells (NFATc) but 
insufficient to activate the nuclear factor kappa binding, 
molecule (NFkB). NFATc and NFkB are DNA binding 
transcription factors that promote expression of different 
sets of genes, NFAT is essential for turning on 
lymphocyte ^ inhibirioa aa well as actnratoxy genes, 
whereas r^FxB is more purely immunogenic^ because it is 
essential for inducing genes necessary for B and T cell 
proliferation and antibody production. As a result, a 
different pattern of gene expression is established by 
tolerogenic and immunogenic exposures to the same 
antigen. J 

Deficiency of the NFkB transcription factor, c-rel, 
abolishes both T and B cells 1 immunogenic responses to 
antigen,* The inherited foxtnunodeflciency syndrome, X- 

Hnked g^rnt^gglriKrilmyfMTMaj IS Caused by defectH til 

Bruton*s tyrosine kinase (BTK), an intracellular enzyme 



Tins selective role in uiimunogeriic frignafTfag might 
explain me powerful suppression of "systemic lupus in 
NZB/W mice when defects in BTK are introduced 
by breeding.* The selectrve role of the BTK/NFkB 
p athwa y in hnmunogenic fci gngflmg to antigen thus 
makes it an ato^ctxve target for new irnmunc^uppressive 



Immunogenic costmufi from mlcracrg&n&ms 
Costimult arise from many sources in the lymphocyte 
rmcroenvircrimeni. Perhaps the only purely 
immunogenic costimuli come from conserved 
components of infectious microorganisms. The 
lipopolysaccharide (LPS) moiety of bacterial cell walls 
and DNA rich in the dJnuclecrcide, CpG from bacteria 
both activate the NFkB pathway in lymphocytes through 
surface receptors of the Toll-like,recepcQr (TLR) family* 1 * 
(figure 2). These imrrnmogenic costrmuli also signal 
rjmpbocytes indirectly by activating antigen presenting 
cells — dendritic cells, macrophages, and B cells, to 
produce additional immunogenic costimuli such as the T 
cell activating cell surface protein B7 (CD 80) and the 
irnlammatory cytokine tumour necrosis factor alpha 
(TNFa). Bacterial adjuvants have been explored as 
experimental therapeutics to promote immunogenic 
responses to autcanrigens on tumour cells but give rise to 
other undesirable inflammatory effects. Their effect may 
be more specifically emulated by activating dendritic cells 
bearing tumour antigens in vitro and giving these cells to 
mc patient. 

Costimuli from stressed and dying cells 
Cell death through apoptasis occurs physiologically in 
healthy tissues without inflammarion or immimogemcity, 
Engulftnent of apoptotic cells by tissue macrophages, 
dendritic cells, or fibroblasts elicits signals through the 
phosphatidylserine receptor that promote synthesis of the 
tolerogenic cytokine, transforming growth factor beta 
(TGFfc figure 3) and inhibit production of the 
imnmnogenic cytokine TNFol* By contrast, pathological 
cell death by necrosis links antigens with immunogenic 
coerimuli. Necrotic cells, and antigens released mom 
necrotic or stressed cells completed with the heat-shock 
proteins, Hsp96 and Hsp70, activate dendritic cells to 
express immunogenic costimuli memding B7 and 
TNF<L tw * La patients and animals models with 
developing neoplasms, increased production of these 
immunogenic costimuli through cell dysplasia and 
necrosis may account for the frequent ejection of 
subclinical autoantibodies and for the less frequent 
paraneoplastic autoimmune syndromes. The Utter might 
simply reflect rare clinical manifestations of common 
aurodrnrnune responses to dysplastic tumour cell 
autoantigens, as a result of chance reactivity of me 
autoantibodies with a vital cell receptor. likewise, cell 
stress and dysfunction in specific organs* such as the 
pancreatic beta cell 3 may be an immunogenic costxmulus 
for autonnmurriry, 

DusJ role of the complement system 
Activation of die serum complement system by foreign 
cells or particles produces powerfully immunogenic 
costimuli, partly by covaleniry tagging the infectious 
antigens with the complement cleavage product C3d. n 
C3d signals irnmunogenicaUy to B lymphocytes, through 
the. complement C3d receptors, CR1 and CR2 (CD2I 
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Rgure 3: Btodramteay distinct annals underpin himurtogefito 
and toterogntlo «aponBa»to antigen fci t fympnacyte 

Immunogenic afgnaifefc occurs when an$gen peptide and MHC 
comrtexes are encountered suddenly by mature Toells, end Es 
augmented by cwicurrant sthnulatfon by B7 molecules ansaalng CD2R or 
binding of TUftu One of the Chief pathways acttvated by these signals is 
NficB, a DMA binding nrataln family that moves to the nucleus once 
acthetod. to i the nucleus, NFkB is ptocxal to stimulating expression of 
" lymphocyte growth series, promoting ceil proBftsatlon and 
infiemmetoiy cytokines, "Ine TCR also BcfaVertBs another DMA binding 
protein. NFATc, which tnoras to the nucleus after ca IdunHnduced 
dephosphofylattoo and can work synwgisticalr/wth NFkB. On its cwn, 
HFkTc can activate bihtbftwy genes such as the death receptor Hgand, 
FfcsL Tolerogenic signalling occurs when antigen Is encountered 
chwnicaJly, which results In Inhibitory changes that diminish calcium 
signalling so that NFkB is no longer activated, C02S fs deregulated 
and an inhibitory receptor for B7, CTIM, fs unregulated. Concurrent 
stimulation by TGFp inhibits expression of lymphocyte growth genes. 

and CD35), when a C3d-tagged antigen causes 
dustering of these receptors with the B-cell receptors 
(figure 2). Complement components Cl> C2, C4, and 
the CRlte complement receptors are also important for 
delivering, tolerogenic signals, since inherited deficiencies 
of these elements in human beings and mice art 
associated with susceptibility to autoimmune disease. 
Clq deficiency leads to an inability to dear apoptotic 
cells efficiently, and this may either diminish the 
tolerogenic signals elicited by physiologic*! cell corpses or 
allow mem to become immunogenic, M 

Duai role cf the B7 system 

Ceil surface proteins of the B7 family, displayed on 
antigen presenting cells such as macrophages, dendritic 
cells, and B lymphocytes, deliver immunogenic costimuii 
to T ecus by signalling through the CD28 and inducible 
cosrinruktor QCOS) receptors*** (figure 3). The B7.1 
and B7.2 proteins are induced on antigen presenting cells 
by other immunogenic coBtrniuli 5 such as LPS, necrotic 
cells, or immunogenic andgca receptor signals in B cells, 
creating a cascade of imnrunogenic signals- Inirmmo- 
suppressive therapy aimed at blodring the immunogenic 
effects of B7.1 an d g7 .2, notably the recombinant 
proteia antagonist CTLAMg, has been shown to 
improve thesymptoms of paoriaais. 

B7/CD28 costimuii are tolerogenic in other contexts, 
notably in immature thymocytes where they enhance 
donal deletion, the B7/CD2S pathway also promotes 
tolerance by signalling the formation - of regulatory 
CD4+CD25+ T cells that may be required for tolerance 
to tissue antigens." B7.1 and B7.2 proteins also transmit 
tolerogenic signals to T cells by engaging another 
recepuir, CTLA4, that is present at very low levels in 
resting T cells and substantially increased by rhrrmic 
anti^ai signals 1 * (figure 3). The importance of CTIA4 as 
a brake to the system is shown .by the lethal inflammatory 



icratraidisorb^ in.CTLA4r 

, . «^t^the^^^ 

^tesr>onscyt>mefomnm , 
^is^ocfced : wtth mSbodlesl'^- • 

Ouatf^e QtTNFoc fcmflfy of prote/ns and teceptors 
r XctrvBiicn- of^T cells and other or adaptive 

Jrrmiune cells elides an important and growing class of 
immunogenic and tolerogenic costimuii related to the 
cytokines TOFo. TNFd itself has a pleiotropic effect on 
hum i iuic -responses and inflammatory cells. * 9 " 81 In some 
contexts, .TNFa promotes self-tolerance and CD8 T cell 
deletion, whereas in others TNFa promotes T cell 
activation and aummirnune disease* Iriherited 
dVfidendes in TNFa or its receptors in mice results in 
poor cytotoxic T-cell-mecHated resistance to certain 
viruses and inability to form fo1K«i1gT <W^Tf r cells 
needed for humoral immunity. Symptoms of rheumatoid 
arthritis improve afar blocking TNFa with antibodies or 
recomhinant protein antagonists, indicating that 
production of this cytokine by T cells in the synovium has 
a key faflftmmatoty role, 22 

CD4(Vligand (CD40L) and Fas-ligand are two 
proteins related to TNFa with essential regulatory 
functions. Both arc membrane-bound proteins displayed 
on T cells following T-cell receptor signals. CD40L 
engages its receptor, CD40, on B cells and dendritic cells 
to activate immunogenic responses through the NFkB 
pathway. 81 The importance of CD40L as an 
immunogenic costimulus is shown in children and mice 
with inherited CD40L deficiency, the X-linked hyper- 
IgM, syndrome, where there is an absence of 'IgG 
antibody responses and defective T-cell immunity. 
Experimental therapies based on blocking the 
immunogenic effects of CD40L on B cells and dendritic 
ceUs with antibodies showed spectacular promise in 
animal models, notably achieving long-term allograft 
tolerance in primates. 34 Clinical trials in human beings 
have been suspended however, because of 
thromboembolic complications in a subset of 
participants. 

CD40L also seems to have an important tolerogenic 
role, since CD40L-deficient children are also commonly 
affected by autoimmune disease. CD40L is needed as a 
tolerogenic signal for B cells to increase expression of Fas 
(CD95), the receptor for FAS-L." FAS itself transmits a 
potent tolerogenic costimulus by triggering the death and 
deletion of self-reactive B and T lymphocytes. 
The importance of the FAS pathway is seen by the 
systemic Autoimmune Lymphoproliferative Syndrome 
(ALPS) in human beings and mice with inherited 
de fic i e n ci es in FAS-L, FAS, or the downstream protease 
CaspaseslO. 1 ** 

inhibitory co-re cepto/s 

This is a rapidly growing dass of receptors that transmit 
inhibitory or tolerogenic costimuii to lymphocytes 
functions by retninring protein tyrosine or lipid 
phosphatases. The prototype for this iamily is the low 
affinity receptor for IgG, FC7R20, on B cells." Antigen 
and antibody complexes cause the antigen receptors go 
duster with Fe?R2b, preventing B cell activation by 
otherwise immunogenic antigens and, instead, triggering 
death and deletion of the B cells (figure 2). This 
mediamsm is believed to explain the tolerogenic effect of 
anti-BbD prophylaxis, in which small amounts of IgG 
anri-RhD antibodies given to Rh-negative mothers 
prevent maternal antibody responses to fetal RhD 
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^lymphocytefi^rnii^balaiice-is . welL illustrated, 
by intiaeukina 2, 7, and IS.*- 2 " 0 All three signal-T and B 
' cells through nrultisubnnit re cep t or s that share a 
common prmma chain (yc). Inherited deficiency of the 
•yc subunir accounts for X-linked Severe Combined' 
Immunodefidency 3 ch ar actaer is ed by lack of naive or 
memory T and B cells. IL-7 delivers essential co stimuli 
through yc chat promote naive T and B cell formation in 
thymus and'bonc marrow and promote survival of naive 
T cells in the lymph nodes. Similarly, growth and 
persistence of memory CDS T cells is promoted 
primarily by K^15, By contrast, the essential function of 
Rs-2 in vivo is to deliver a tolerogenic costimuhis, despite 
its original discovery in name culture as a so-called T-cell 
growth factor. Mice lacking IL*2 or the unique IL-2 
receptor alpha sub unit develop a severe T cell 
lymphoproliferative disease with numerous 
autoantibodies. IL-2 sensitises T cells to receive 
tolerogenic signals by the Fas receptor system, and may 
also be required to sustain a tolerogenic subset of 
CD4+CD25+ regulatory T cells. 

Transforming growth factor beta (TGF-ft) delivers an 
important tolerogenic signal to lymphocytes, and mice 
lacking this cytokine rapidly develop a lethal syndrome of 
lymphocyte hyperactivity and autoantibodies. 11 TGF-p 
inhibits the entry of lymphocytes into the cell cycle, and 
thus might establish a high tolerogenic threshold against 
which immunogenic signals from antigen and cosrirnuli 
must work to initiate lymphocyte responses. The early 
response to immunogenic antigen is differentiated from 
tolerogenic antigen responses in pan by rapid 
downregulauon of inhibitory transcription factors in the 
former. 1 TGF-p seems likely to establish these uahibitory 
factors in quiescent and tolerised lymphocytes. TGF-£ 
production by macrophages is induced by recognition 
and enguifment of cells mat have died by physiological 
(non-inflammatory) apoptosis. 1 Macrophages;, dendritic 
cells, and T cells making TGF-ft seem to promote 
tolerance to self and foreign antigens in the eye, lung, and 
gut- 5 ^ linking antigen signals with TGF-P signals may 
be the basis for the experimental phenomenon of oral 
tolerance. Clinical trials are underway aimed at 
preventing type 1 diabetes or ameliorating multiple 
sclerosis by inducing oral tolerance to pro-insulin or 
myelin baste protein. 

Integration of tolerogenic and Immunogenic 
signals at different steps in the Immune 
response 

Integration and timing of antigen signals and costimull 
occur at numerous checkpoints in lymphocyte . 
development. These checkpoints are placed all along the 
developmental pathway, from those mat delete newly 
formed B or T cells in the bone marrow and thymus 
through to those that abort the formation of terminally 
differentiated plasma cells or killer cells. Lymphocytes 
integrate^&ntigen signals and COStimuK very differently 
from one checkpoint to another, because expression of 
receptors and their intracellular response machinery 
change dHtring development. The multiplicity of 
checkpoints exists presumably for two main reasons. 
First, no single mechanism, can adequately ensure 
tolerance to all self antigens. Second, the existence of 
multiple mechanisms balances the need for tolerance 
against the need to use cells mat crossreact between self 
and foreign antigens- for rapid mimunity against 
infection. 14 ' 




Clonal defeiton]in tentraktympftc _ ^ . 

In the b on^n iarrow 7 ^!!^ ^ 
. antigen. receraog L.rapiffly"^^ 

immunogenic for a •mature 1 iymr^ocybr^-ire^Qmbst 
esodnaivery tolerogcna for hewr^foOT 
The basis for me tolerogenic response * of immature 
lymphocytes seems " to be IT reaulF^EPniarr^mtngft: 
differ ences in the second messengers elated b£antigen 
receptor* in immature cefla, differences in: the set of genes 
that can be triggered by second messengers, and presence 
of tolerogenic costtmuU in the. bone marrow- andrtbymus . . 
microenvironments. Immature thymocytes- are triggered 
to die even when antigen signals are linked with costimuH 
sudhas B7/CD28 that would be irnmunogenic to mature 
T cells. In immaUirc B cells, continuous B-ceH receptor 
engagement with strongly crosslinking self antigens, such 
aa DNA or surface antigens on haematopoietic cells, 
delivers a tolerogenic signal that immediately arrests the 
cell's maturation and leads to clonal deletion within 1-3 
days. Some of these arrested cells reach the spleen before 
dying, but they are extraordinarily refractory or anergic to 
immunogenic costimuli such as UPS and GD40. 
Particular combinations of immunogenic ccatiniuli, such 
as CD40 and IL-4 from helper T cells, may be able to 
over-ride the powerfully tolerogenic signals from self 
antigen in these situations and break tolerance at this 
point. 

Only a subset of self antigens are nevertheless present 
in sufficient quantity in the thymus and bone marrow to 
trigger clonal deletion. There is simply not enough 
antigen to signal deletion for most clones which recognise 
antigens present in trace quantities in the circulation or 
which are restricted to other tissues, such as the 
pancreatic islets, the brain 3 or the thyroid. Other 
mechanisms normally ensure tolerance to these antigens. 

Chnaf anergy 

Self antigens that are present in lesser amounts in the 
bone marrow or thymus* or that cluster antigen receptors 
less avidly, can signal repeatedly to B and T cells without 
attaining the threshold needed to trigger arrest and 
death.*" This constant "tickling* of antigen receptors by 
self antigens nevertheless transmits* tolerogenic signals, 
activating feedback mechanisms that render the cell more 
refractory or anergic to hnmunogenic antigen signals. 
Anergy mediates B cell tolerance to self DMA and 
chromatin, and CD4 T cell tolerance to systemic and 
organ-^ecific antigens. In both B and T cells., anergy 
seems to involve a selective weakening of the cormections 
between antigen receptors and the NFkB and JNK 
intracellular signalling pathways. Signalling through 
other intracellular pathways such as NFAT -remains 
intact, so that a different set of tolerogenic genes is 
induced and irnmunogenic cell growth genes controlled 
by NFkB and JNK are not called into action. The 
weakening of connections to NFkB and JNK raises the 
threshold of immun ogenic signalling needed to trip a self- 
reactive cell into mmtiph'cation. In B cells, a sudden burst 
of very avid antigen receptor clustering, ox strong signals 
from LPS or CD40, allow sufficient signalling to the 
NFkB pathway to break anergy and drive the cell growth 
cycle. 

Clonal cfeteoon and regulation in peripheral lymphoid 
tissues 

In addition to anergy, a series of peripheral deletion 
mechanisms catch setf-reactive cells that reach the 
spleen, lymph nodes, and other organa. 43 These 
peripheral tolerance ^eckpoints act by shortening 
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lymphocyte Hfepaiv-inhflMtin^ 

• md^rcufationrorcati^ rapid cell dc^fttgenmriai: 
. "^^Lor fiver. .Thrac ^akhex^j^ccs^ are for "the 



• rr~r_ • ^wwwo - arc- idt me • 

most part poorly. utirierstood in Dracherrdcsl terms, with 
the exception of "die peripheral >dimmafion of 
autoreactive B and T cells- through the Fas cell death 
padiway. 4 ^"^ 

P*thogen*6ls of autoimmune diseases 

How does a mrmriTm mc disease arise? Given the range of 
severance processes, and the difficulty eliciting or 
m aintain m g antpinnmine responses by deliberate means 
C&r example in medical and veterinary efforts to achieve 
immunological contwjeeption or castration}, it is reason- 
able to ask how tolerance to one or more self antigens fails 
in many people. The reason is as yet miknown, except for 
die rare p aTi rnrs with inherited monogenic disorders such 
as ALPS audX-linked hyper-IgM. 

Most of the common autounrnune diseases also have 
an important inherited element, contributing as much as 
50% of the population risk, and particular types of 
autoimmune diseases thus duster in famiGes. This 
inherited susceptibility is nevertheless complex involving 
combinations of many different gene alleles, 38 The 
strongest contributions are made by particular haplotypes 
of the major histocompatibility complex (MHC) and 
specific HLA alleles within the MHC, whose product* 
present antigen peptides to T cells. Exactly how 
particular MHC alleles predispose to autoimmunity is 
not yet established, and one can hypothesise too much or 
too little presentation of particular armgpnn by products 
of suceptible HLA alleles. Correlations between auto- 
immune susceptibility and many other chromosomal 
regions have been found in human beings and mice, but 
the complexity of the inheritance pattern has made it 
challenging to identify the non-MHC susceptibility 
genes. 

Four basic kinds of defect may potentially give rise to 
autoimmune disease, either alone or in combination. A 
central challenge for clinical immunology will be to 
define which of these faults actually applies for individual 
patients, since the nature of the deficit will determine the 
success or failure of emerging therapeutic strategies. 

Insufficient tolerogenic signalling from antlg&n 
In order for deletion, anetgy, or regulation to be triggered 
by tolerogenic signalling through antigen receptors, a 
sufficient number of receptors must be engaged on self- 
reactive cells. Autoantigens that are only present in trace 
amounts in the lymphatic tissues will not achieve this 
signalling threshold on any bur the very highest affinity 
clones. If the autoanrigen is highly expressed' in 
e^alymphatic sites, as is the case for insulin, 
thyroglcbalin, myelin proteins, skin basement proteins, 
and type 2 collagen, these concentrated depots of 
autoanrigen might suddenly deliver an acute 
urmnmogenic stimulus to self-reactive cells that rh™^ 
to migrate mto-these sites. This situation seems to be the 
case for B cells and some CD8 T cells »•« For 
CD4 T cells recognising such antigens, there seems to be 
some autoanrigen encountered in lymphatic sites that 
*ai$ht induce anexgy and regulatory cells. 34 • 

Several susceptibility genes for type 1 diabetes may act 
by farther diminishing this already Kmitmg pathway 
far tolerogenic autoanrigen presentation. Diabetes- 
suscerrihfe MHC Class H alleles in human beings and 
rmce seem less efficien t at presenting antigens, potentially 
exgammg the heightened risk of autoimmunity in 
uaamduab who are homozygous for these alleles.* 1 A 



— thymu^ potent 

afreguliitnry^ " * • - 

Ifme^pnniua^lesicn in mdntiduals susceptible to type 1 
^ ^gg^g^Qth^ : orpan-gpeofe diseases ia simply one 
of ^ inadermater tolerogenic signals* from the target self 
antigens,". r£en "delivering mare of these antigens in a 
tolerogenic:* *brm:is "a:.raricnal strategy. - Obviously, this 
approach has the risk of wirfn^g awnfmrniwify if the self 
. antigen- isTdelrvered=mr an= irnrntmogenic form in some 
individuals, either due to- the way the antigen is 
presented, to presence of immunogenic costirrrali, or to 
presence of primed or memory lymphocytes mat may he 
more refractory to tolerogenic signals. A better 
undemanding of the molecular integration of tolerogenic 
and irrirrumogenic signals may be critical to the success of 
specific vaccines against diabetes and other aummtmune 
diseases. 

Insufficient tolerogenic signals from autoanrigen might 
also explain shortcomings of the immunosuppressive 
drugs, dclosporin and mcrohnxus (EK506). These drugs 
block the caldurn/^cmeurin/KFAT signalling pathway. 
This pathway is continually activated by serf antigen in 
anergic B and T cells, and is important for Inducing 
tolerogenic costimuli on lymphocytes such as CD72 and 
FAS-L. Interference with these actively tolerogenic 
signals might explain the systemic autoimmune disorders 
that can occur after cessation of the drug, and might 
account for the inability to achieve long-term allograft 
acceptance with these agents.' The presence of 
circulating autoantibodies may compound autoimmunity 
in systemic lupus by blocking the presentation of 
tolerising autoantigens to B cells. 0 

Too much Imunogenlc signalling from antig&n 
Sudden presentation of viral or bacterial antigen in a 
highly crosslinked, immunogenic form, and associated 
with immunogenic costimuli produced by the infection, 
can provoke immune responses from T or B ceils that 
crossreact with the microbial antigen and a self antigen. 
In animal models, mis route can activate ignorant T and 
B cell clones that,, through a combination of lower affinity 
receptors and limiting self-antjgen presentation, had not 
received appreciable tolerogenic signals. 3 *" 4 * 4 *-" Moreover, 
if the immunogenic antigen stimulus is very strong, such 
as occurs with highly multimeric forms of antigen for 
B cells, the stimulus can overcome strongly tolerogenic 
antigen signals to break anexgy**' or over-ride clonal 
deletion.* 1 'Whereas a microbial trigger is postulated to be 
the cause of a number of wnnrnon autoinirnune diseases, 
perhaps the best established clinical example is the 
immr r n oparhological damage of heart valves by 
antibodies that eroaareact between valvular antigens and 
streptococcal M protein. 

Interestingly, the self-reactive components of 
crossreactive responses are usually transient and lack 
memory in most experimental and practical situations in 
which tolerance is transiendy broken by immunogenic 
delivery of self and foreign antigens. This phenomenon is 
a longstanding problem for medical and veterinary efforts 
to achieve imrrrunocontneeption and rrrmiunocastration, 
in which the airtoajitibody titres to pregnancy or sex 
hormones fall prematurely in the face of heightened titres 
tr> the foreign carrier proteins. Susceptibility to full-blown 
autoimmune disease rnight therefore require that a 
crossreactive trigger be coupled with deficits in the 
tolerogenic costimuli that normally create an inhibitory 
feedback on self antigen responses. 
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- arWfrom^defidenci^ The 
•-* dearest/. ezainplecL.ur- human autoimmune lympho- 
" pmWttv^:iy*dt<m& (ALPS), vehich results- from 
' partial or c omple t e deficiency in signalling by the death 
" ■*;. receptor FA& a Similarly, deficiency of CD40L in X- 
imfced hyper-IgM syndrome is conunonfy accompanied 
. b y: autwniimne .disorders that might reflect the need for 
CD40L to induce Fas on self-reactive B cells." The . 
monogenic autoimmune disorders listed above are 
clinically distinct from the common forms of 
aiicoirnninne disease, but (hey unistrate the essential and 
non-redundant role of tolerogenic costmvoli as brakes on 
autairnmunrry. Common • autoimmune dia orders 
probably arise from coUectioas of more subtle gene 
variants that collectively diminish the same tolerogenic 
pathways. In support of this notion, the type 1 diabetes 
suscerribihty gene in the NOD mouse, Idd3 3 seems to be 
a variant form of TL-2 that may reduce the in-vivo 
efficacy of this tolerogenic costirnulus* 

Too much Immunogenic costlmvlt 
There ate many artificially engineered animal models 
' where overexpression of immunogenic costimuli 
predisposes to autoimmune disease. Pot example, mice 
that overexpress TNFa, B7.1, IL-2, or !Lr4 on 
pancreatic islet 0-cells are predisposed to type 1 
diabetes. 39 Cell death by necrosis releases antigens 
completed with immunogenic costimuli, notably the 
heat-shock proteins HSP70 and HSP96, and necrotic 
cells activate dendritic cells. An increase in these 
tolerogenic immunogenic costimuli might explain the 
immunogenicity of . dysplastic tumours that are 
commonly manifested by the appearance of subclinical 
autoantibodies to tumour antigens and by paraneoplastic 
autoimmune syndromes. Along similar lines, the inability 
to cleat dead cells or rfiromatin might provoke systemic 
lupus in people with complement Clq. deficiency, 14 

Tat gets for current end future therapy of 
autoimmune disease 

The unfolding of the human genome project will 
accelerate assembly of a molecular map of immunogenic 
and tolerogenic signalling pathways. Translating this 
knowledge into cures for common autoimmune diseases 
will involve researchers addressing two key challenges, 
first, we must develop ways to diagnose the underlying 
cause of autoimmune disease in individual patients. 
There is probably little to be gained by giving an 
exogenous source of tolerogenic costimuli such as TGF-£ 
or Fas-Hgand to patients with an underlying problem 
further downstream in the receptors of .signal- 
transducrion pathways for these molecules. Methods for 
obtaining a genetic fingerprint of thousands of 
immunologically relevant genes wul soon become 
available) and these might provide a way to shortlist the 
likeiy^pathogenic deficits in mdrviduals. Confirmation 
wul probably require diagnostic biotnarkers or specific 
assays for discrete immunogenic or tolerogenic pathways 
that can be done on blood samples. 

The second critical element is development of protein 
or small molecule therapenrics that target critical 
pathwaysj either augmenting tolerogenic pathways or 
blocking immun ogenic ones.' Some of the best current 
agents for treating systemic antairomune diseases* such 
. as ghicoconicoids, choloroquine, . and gold compounds, 
seem to work by blocking the. immunogenic KFkB 



. ^t&^^v^nxpiovementj en^tbeae agent*-- ^penfebu^ 
narrowingr'the action to speefficijn&seo^ 
• andr^voiding^the. , mH»«*rghte' m^bnficr -effects^ of^ "* 
gmco.corticoids. To cure folly developed autohnrntmrry, 
drug; targets ; win need to come Jrom'imderstandir^^ ' 
memoxyiT. and B cells are mote refractory to toleroge nic 
signals!" and why they are lest- dependent V.upon •• 

immunogenic costunuh. ■ 

Engineered p n » *« i " « and antibodies aimed at blocking * 
specific immunogenic costimuli upstream of- -KFkB, 
notably antibodies against TOFc^^.^CIMOI^^Lsnd-the,.. . 
blockers of B7 ligands of CD29, have shown great 
promise in mouse models and in clinical trials as agents 
to treat rheumatoid arthritis or establish txanspjantaiioft 
tolerance. These strategies may be most effective in 
individuals with healthy tolerogenic signalling, such, as 
patients undergoing organ transplantation, where the 
underlying defect is known to be an excess - of 
immunogenic antigen and unmunogenic costimulL In 
this case* temporarily blocking the immunogenic signals 
selectively should allow tolerogenic antigen and costimuli 
to establish an active, reinforcing state of tolerance that 
persists when blocking therapy is stopped. However, if 
inherited deficits in tolerogenic signalling prevent 
restoration of tolerance during a brief window of blocking 
therapy, it w31 be necessary to continue the immunogenic 
blockers for long periods, even though there are many 
complications associated with long-term immuno- 
suppression, 

An attractive notion is the idea of so-called negative 
vaccines; vaccines that could deliver specific antigens in a 
way that augments tolerogenic rather than immunogenic 
signalling. In animal models, delivering low amounts of 
antigen by the mucosal route, either ingested or nasally, 
can act as . a potent toXerogeu. This process might perhaps 
work by linking the antigen with the tolerogenic 
cx)8dmulus> TGF-P, which features in mucosal immune 
responses." 431 The first clinical trial of oral tolerance was 
unsuccessful^ pointing to the need to understand better 
the mechanisms involved and to develop ways to achieve 
more reliable linkage between tolerogenic antigen and 
suitable tolerogenic costrnxoH. likewise, rational 
molecular stra teg i es are needed to improve the success 
rate of empirical regimes for desensitising allergic 
reactions to pollens and venoms and to restore tolerance 
to blood products such as clotting factor VIII. 

The one shining example of a successful tolerogenic 
vaccine is the prevention of erythroblastosis tenuis in 
Rh-ontigcn mcompatiole pregnancies by giving small 
amounts of ann-RMD antibody. The antibody converts an 
immunogen (fetal red cells) into a toierogen by recruiting 
a tolerogenic cnstimulus, Fc^RZb. The wide success and 
cost-benefit of this simple method is an example of how it 
should become possible to shift the balance back towards 
tolerance in an antigen specific way for many 
autoimmune diseases. The key lies in understa nding the 
molecular interplay between immunogenic and 
tolerogenic pathways and having a way to forge the 
desired tolerogenic connections in specific lymphocyte 
clones. 
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